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ABSTRACT
The bright, short and hard GRB 090510 was detected by all instruments aboard Fermi and Swift satellites.
The multiwavelength observations of this burst presented similar features with the Fermi-LAT-detected gamma-
ray bursts. In the framework of the external shock model of early afterglow, a leptonic scenario that evolves
in a homogeneous medium is proposed to revisit GRB 090510 and explain the multiwavelength light curve
observations presented in this burst. These observations are consistent with the evolution of a jet before and
after the jet break. The long-lasting LAT, X-ray and optical fluxes are explained in the synchrotron emission
from the adiabatic forward shock. Synchrotron self-Compton emission from the reverse shock is consistent
with the bright LAT peak provided that progenitor environment is entrained with strong magnetic fields. It
could provide compelling evidence of magnetic field amplification in the neutron star merger.
Subject headings: gamma-rays bursts: individual (GRB 090510) — radiation mechanisms: nonthermal —
ISM: general — Magnetic fields
1. INTRODUCTION
Gamma-ray bursts (GRBs) are intense and non repeating
flashes with an extensive range of spectral and temporal prop-
erties. Based on the standard GRB durations, two domi-
nant progenitor populations have been highly suggested, short
(T90 < 2 s) and long (T90 > 2 s) GRBs. Despite the spec-
tacular pace of discovery for long GRBs (lGRBs), the study
of short GRBs (sGRBs) has proven much more challenging
(Berger 2014). The most popular progenitor model associated
with sGRBs is the merger of compact object binaries com-
prised of a neutron star binary (NS-NS) or a neutron star -
black hole (NS-BH) (Eichler et al. 1989; Narayan et al. 1992;
Lee & Ramirez-Ruiz 2007; Lee et al. 2004, 2005b; Nakar
2007). LGRBs have been commonly associated to core col-
lapse of massive stars leading to supernovae (CCSNe) of type
Ib,c and II (Woosley & Bloom 2006; Hjorth & Bloom 2012;
Hjorth et al. 2003). For lGRBs, the strong gamma-ray po-
larization (Coburn & Boggs (2003); Willis et al. (2005) but
see Rutledge & Fox (2004) and more recently Yonetoku et al.
(2011)) and a stronger magnetic field in reverse shock (RS)
than in forward shock (FS) as a result of a full description of
a dozen of lGRBs (Zhang & Kobayashi 2005; Zhang et al.
2003; Kobayashi et al. 2007; Fan et al. 2004; Fraija 2015),
have supported the idea that the central engines of lGRBs
could be endowed with primordial magnetic fields (Usov
1992; Wheeler et al. 2000). In the framework of sGRBs, the
question of what field strengths could be reached in a merger
remnant before it collapses to a BH has so far remained unan-
swered, neither evidence of magnetization in the jet has been
found. Simulations have shown that during the merger the
magnetic field strength can increase up to 1016 G. The growth
emerges from the transfer of hydrodynamical kinetic energy
to electromagnetic energy via Kevin-Helmholtz instabilities
and turbulent amplification (Price & Rosswog 2006; Zrake
& MacFadyen 2013; Giacomazzo et al. 2009; Obergaulinger
et al. 2010).
The bright, short and hard GRB 090510 was detected by
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rbarniol@purdue.edu
Fermi and Swift satellites (De Pasquale & et al. 2010). During
the first second after the GBM trigger at 00:22:59.97 UT, LAT
detected 62 events with energies > 100 MeV, 12 events with
energies > 1 GeV and one event (the most energetic photon)
with 30.5+5.8−2.6 GeV at 0.829 s. The observations performed
with the Very Large Telescope (Rau et al. 2009; McBreen
et al. 2010) provided a spectroscopic redshift of z=0.903 as
measured [OII] and [Hβ] emission lines. Considering this
redshift, the isotropic equivalent energy in the range of 10
keV - 30 GeV is E ' (1.08 ± 0.06) × 1053 erg. Refined
analysis of BAT data found a duration of prompt emission
T90 = 0.3± 0.1 s (Ukwatta et al. 2009; De Pasquale & et al.
2010). The analysis of the prompt emission at latter times
(∼ 0.3 s) showed a bright peak in the LAT light curve (LC)
above 100 MeV followed by a temporally extended LAT, X-
ray and optical emission. These broadband observations by
XRT and UVOT instruments on board Swift, were described
by broken power laws with a break at ∼ 1.5×103 s and LAT
on board Fermi, was fitted with a simple power law extended
from ∼ 1 s to ∼ 200 s. In the framework of synchrotron
radiation of FS, a wide set of leptonic scenarios have been
explored to explain the high-energy photons (≥ 100 MeV)
present in GRB 090510 (Liu & Wang 2011; He et al. 2011;
Piran & Nakar 2010; Kumar & Barniol Duran 2009, 2010;
Ghisellini et al. 2010; Corsi et al. 2010; De Pasquale & et al.
2010; Razzaque 2010; Ghirlanda et al. 2010). In particular,
He et al. (2011) described not only LAT but also X-ray and
optical observations from an early adiabatic FS emission in
a model including a jet break. The authors argued that the
early emission (t < 2 s) was inconsistent with the standard
RS. They explored the RS synchrotron emission in the thin-
shell case, when the flux peak at the crossing time was longer
than the duration of the prompt emission (tdec > T90). They
compared the RS synchrotron flux to FS synchrotron flux at 1
GeV, finding that this ratio was less than unity when the ejecta
was not magnetized (σ  1 ) and both the RS and FS syn-
chrotron spectra were in the slow cooling regime. After fitting
the multiwavelength observations, they found that the values
of density, electron and magnetic microphysical parameters
lie in the range n ∼ 10−3 − 10−6 cm−3, e ∼ 0.2− 0.6 and
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B ∼ 10−5 − 10−2, respectively.
Recently, Fraija (2015) and Fraija et al. (2016) proposed an
early afterglow model with in-homogenous density to explain
the multiwavelength afterglow observations of GRB 110731A
and GRB 130427A. As a result of good fits of the long-lasting
LAT, X-ray and optical fluxes with synchrotron radiation from
the adiabatic FS and the bright LAT peak with synchrotron
self-Compton (SSC) emission from RS in the thick-shell case,
the author found that central engine must be entrained with
strong magnetic fields. In this paper, we extend this early af-
terglow model to be evolved in a homogeneous medium and
revisit GRB 090510 to describe the long-lasting emission and
the bright peak flux present in the LAT LC.
2. LIGHT CURVES FROM EXTERNAL SHOCKS
In the following subsections we will show the LCs from FS
and RS when electrons are accelerated and cooled down by
synchrotron and Compton scattering emissions.
2.1. LCs from FS emission
The dynamics of the afterglow for a spherical ultrarelativis-
tic and adiabatic shell propagating into a homogenous density
is analyzed through the deceleration time, the energy of the
shock, the bulk Lorentz factor and the radius at which the
mass swept up (Sari et al. 1998; Sari & Piran 1995; Kumar &
Piran 2000; Sari & Piran 1999). Comparing the time scale of
synchrotron process with the deceleration time of the ejecta
and the acceleration time of electrons, the synchrotron spec-
tral breaks and the maximum flux are calculated in Sari et al.
(1998).
Requiring the observed synchrotron spectrum for the fast- and
slow-cooling regime and the synchrotron spectral breaks (Sari
et al. 1998), the temporal decay fluxes can be obtained as a
function of energy. Then, the LC obtained in the fast- and
slow-cooling regime are
F synν,f =

Asynfl t
1
6
(
Esynγ
) 1
3 , Esynγ < E
syn
γ,c,f ,
Asynfm t
− 1
4
(
Esynγ
)− 1
2 , Esynγ,c,f < E
syn
γ < E
syn
γ,m,f ,
Asynfh t
− 3p−2
4
(
Esynγ
)− p
2 , Esynγ,m,f < E
syn
γ < E
syn
γ,max,f ,
(1)
and
F synν,f =

Asynsl t
1
2
(
Esynγ
) 1
3 , Esynγ < E
syn
γ,m,f ,
Asynsm t
− 3p−3
4
(
Esynγ
)− p−1
2 , Esynγ,m,f < E
syn
γ < E
syn
γ,c,f ,
Asynsh t
− 3p−2
4
(
Esynγ
)− p
2 , Esynγ,c,f < E
syn
γ < E
syn
γ,max,f ,
(2)
respectively. The coefficients Asynfl , A
syn
fm , A
syn
fh , A
syn
sl and
Asynsm are given in appendix.
When the bulk Lorentz factor drops below the inverse of the
jet opening angle Γf ∼ θ−1j , a break (at the jet-break time)
in the LC is observed because the surface which we can
observe has grown larger than the surface that radiates. This
episode is evident in LCs, exhibiting a break in the afterglow
observations (Sari et al. 1999). Therefore, afterglow emission
can be affected by the evolution of the jet before and after it
slows down and spreads laterally.
Synchrotron photons can be up-scattered by Fermi-
accelerated electrons (e.g. Veres & Me´sza´ros 2014; Sacahui
et al. 2012). Using the synchrotron spectral breaks (Sari et al.
1998), the SSC spectral breaks and the maximum flux are
computed in Sari & Esin (2001).
2.2. LCs from RS emission
We consider the thick-shell case for which the shell is sig-
nificantly decelerated by the RS (i.e. the bulk Lorentz factor is
higher that the critical Lorentz factor Γc) (Zhang & Kobayashi
2005; Fraija et al. 2012). Numerical analysis performed by
Fan et al. (2004) revealed that for the particular value of the
magnetization parameter σ ' 1 which is defined as the ratio
of Poynting flux to matter energy flux σ = Lpf/Lkn ' B,r
(Fan et al. 2004; Kobayashi & Zhang 2007), the shock cross-
ing time becomes td ' T90/6.
The synchrotron and SSC spectral breaks, and fluxes are de-
termined by the synchrotron spectral evolution between RS
and FS for Re = 1 (Zhang & Kobayashi 2005; Fraija 2015;
Fraija et al. 2016).
Before the RS crosses a thick shell, the hydrodynamic vari-
ables as a function of the observer time t ∝ R2 vary as
(Kobayashi et al. 2007): the bulk Lorentz factor Γr ∝ t−1/4,
the homogeneous density n ∝ t−3/4, the pressure p ∝ t−1/2
and the total number of the shocked electrons Ne ∝ t. Taking
into account the evolution of the magnetic field B′r ∝ t−1/4,
the minimum Lorentz factor γe,m,r ∝ t1/4 and the cooling
Lorentz factor γe,c,r ∝ B′−2r Γ−1r t−1 ∝ t1/4, then the syn-
chrotron spectral breaks and the maximum flux for t < T90
evolve as
Esynγ,m,r∝ B′r Γr γ2e,m,r ∝ t0,
Esynγ,c,r∝ B′−3r Γ−1r t−2 ∝ t−1, (3)
Fγ,max,r∝ NeB′r Γr ∝ t1/2 .
Considering the inverse Compton scattering equations and
eq. (3), we obtain that the SSC LC for fast cooling regime is
F sscν,r ∝

t
(
Esscγ,r
) 1
3 , Esscγ < E
ssc
γ,c,r,
t−
1
4
(
Esscγ,r
)− 1
2 , Esscγ,c,r < E
ssc
γ < E
ssc
γ,m,r,
t
p−2
4
(
Esscγ,r
)− p
2 , Esscγ,m,r < E
ssc
γ ,
(4)
and for slow cooling regime is
F sscν,r ∝

t
1
3
(
Esscγ,r
) 1
3 , Esscγ < E
ssc
γ,m,r,
t
p+1
4
(
Esscγ,r
)− p−1
4 , Esscγ,m,r < E
ssc
γ < E
ssc
γ,c,r,
t
p−2
4
(
Esscγ,r
)− p
2 , Esscγ,c,r < E
ssc
γ .
(5)
Once the RS has crossed the thick shell, the hydrodynamic
variables as a function of the observer time t ∝ R8 vary
as (Kobayashi et al. 2007): the bulk Lorentz factor Γr ∝
t−7/16, the homogeneous density n ∝ t−13/16, the pres-
sure p ∝ t−13/12 and the total number of the shocked elec-
trons Ne ∝ t0. Taking into account the evolution of the
magnetic field B′r ∝ t−12/24, the minimum Lorentz factor
γe,m,r ∝ t−13/48 and the cooling Lorentz factor γe,c,r ∝
B′−2r Γ
−1
r t
−1 ∝ t25/48, the synchrotron spectral breaks and
the maximum flux for t > T90 evolve as
Esynγ,m,r∝ BrΓrγ2e,m,r ∝ t−73/48,
Esynγ,c,r∝ B−3r Γ−1r t−2 ∝ t−1/16, (6)
Fγ,max,r∝ NeBrΓr ∝ t−47/48 .
Considering the inverse Compton scattering equations and
eq. (6), we get that the SSC LC for fast cooling regime is
F sscν,r ∝

t−
5
3
(
Esscγ,r
) 1
3 , Esscγ < E
ssc
γ,c,r,
t−
3
4
(
Esscγ,r
)− 1
2 , Esscγ,c,r < E
ssc
γ < E
ssc
γ,m,r,
t
−4p+1
4
(
Esscγ,r
)− p
2 , Esscγ,m,r < E
ssc
γ
(7)
3and for slow cooling regime is
F sscν,r ∝

t−
19
30
(
Esscγ,r
) 1
3 , Esscγ < E
ssc
γ,m,r,
t−
5p+3/2
5
(
Esscγ,r
)− p−1
2 , Esscγ,m,r < E
ssc
γ < E
ssc
γ,c,r,
t
−4p+1
4
(
Esscγ,r
)− p
2 , Esscγ,c,r < E
ssc
γ .
(8)
Following Kobayashi & Zhang (2003), the peak in the SSC
flux, for the fast-cooling regime, can be written as
F sscγ,peak∼F sscpeak−3/4B,r n−3/4 D−2E3/2 Γ−5 T−5/290 Esscγ,r−1/2,(9)
with F sscpeak ∼ 10
−2m5/2e (p−1)
m
11/4
p q
1/2
e (p−2)
.
3. APPLICATION: GRB 090510
GRB 090510 was detected on 2009 May 10 by both in-
struments aboard Fermi; Gamma-Ray Burst Monitor (GBM)
and LAT (Ohno & Pelassa 2009; Guiriec et al. 2009) and the
three instruments aboard Swift; BAT, XRT and UVOT (De
Pasquale & et al. 2010; Ukwatta et al. 2009; Hoversten et al.
2009). The LAT instrument observed a bright peak at 0.3 s
followed by an extended emission (above 100 MeV) during
200 s after the GBM trigger. The extended component was
described with a simple power law with a temporal decay
index αLAT = 1.38± 0.07.
At 00:23:00 UT, 2009 May 10, Swift BAT triggered on GRB
090510 (Hoversten et al. 2009). Refined analysis of BAT
data found a duration of prompt emission T90 = 0.3 ± 0.1
s (Ukwatta et al. 2009; De Pasquale & et al. 2010). Swift
X-ray Telescope (XRT) started observing the X-ray afterglow
of GRB 090510 at 98 s after the GBM trigger. A broken
power law was used to fit the LC. The best-fit parameters
found were: an early decay slope αX,1 = 0.74 ± 0.03, a
break time tbr,X = 1.43+0.09−0.15 × 103 s and a late decay slope
αX,2 = 2.18 ± 0.10. The Swift Ultra Violet and Optical
Telescope (UVOT) began detecting this burst at 97 s after
the initial trigger. This instrument measured the position of
the optical afterglow counterpart to be R.A. (J2000), decl.
(J2000) = 22h14m12s.5,−26◦34′59′′.2 (Kuin & Hoversten
2009). The optical LC was well fitted by a broken power
law. In this optical band, the best-fit parameters found
were: an early decay slope αopt,1 = −0.50+0.11−0.13, a break
time tbr,opt = 1.58+0.46−0.37 × 103 s and a late decay slope
αopt,2 = 1.13
+0.11
−0.13. We summarize in Table 1 the relevant
observation parameters for GRB 090510.
By considering the quantities inferred from observations
given in Table 1, the isotropic equivalent kinetic energy
Ek,iso = Eγ,iso/η = 10
53erg with η ≈ 0.2 the kinetic energy
efficiency to convert bulk kinetic energy to γ-ray energy
Eγ,iso and using the method of Chi-square minimization
(Brun & Rademakers 1997), we obtain the values of density,
bulk Lorentz factors and the microphysical parameters that
reproduce the multiwavelength (LAT, XRT and UVOT)
afterglow observations with the spectral index of electron
distribution p = 2.2 and tdec = 0.3 s. The value of this
spectral index was chosen linking the observed slopes of
temporal decays of LAT (αGeV = 1.125; He et al. (2011))
and X-ray (αX,1 = 0.74 and αX,2 = 2.18; De Pasquale
& et al. (2010)) fluxes with the synchrotron emission LCs
(eqs. 1 and 2) αLAT = (3p − 2)/4, αX,1 = (3p − 3)/4
and αX,2 = p, respectively. LAT detections are modeled
by synchrotron emission from FS and SSC radiation from
RS; the long-lasting flux at 100 s requiring synchrotron LC
in the fast-cooling regime (eq. 1) and the bright peak flux
at 0.3 s with SSC radiation, for ultra-relativistic electrons
radiating photons in the energy range of 0.1 - 4 GeV (De
Pasquale & et al. 2010). The X-ray emission at t < 1.43 ks
is described using the synchrotron LC in the slow-cooling
regime (eq. 2) at t= 100 s for electrons giving off at Esynγ,f =
1 keV, and optical component at t < 1.58 ks using the LC in
slow-cooling regime (eq. 2) at t=100 s for Esynγ,f = 1 eV. The
values of microphysical parameters, B,f , e and the density
in the range 10−6 ≤ n ≤ 10−1 cm−3, that describe the
long-lasting components of LAT, X-ray and optical data up to
∼ 1.5× 103 s are plotted in Figure 1 and the parameters B,r,
e and 10−6 ≤ n ≤ 10−1 cm−3 that explain the LAT-peak
data are plotted in Figure 2. After ∼ 1.5 × 103 s, we use the
post jet-break equations for the LC, F jetν,f ∝ t−p for X-ray and
∝ t− 13 for optical flux (e.g. Kumar & Barniol Duran 2010).
Table 1. Quantities inferred from the multiwavelength afterglow observation of
GRB 090510.
GeV flux
Power index αGeV 1.38± 0.07
Initial time after the GBM trigger (s) t0,GeV 0.013
Duration of extended emission (s) tee,GeV ∼ 200
Duration of bright peak (s) tbp,GeV < 0.3
X-ray flux
Early decay slope αX,1 0.74± 0.03
Late decay slope αX,2 2.18± 0.10
Break time (s) tbr,X 1.43
+0.09
−0.15 × 103
Initial time after the GBM trigger (s) t0,X 98
Optical flux
Early decay slope αopt,1 0.50
+0.11
−0.13
Late decay slope αopt,2 1.13
+0.11
−0.13
Break time (s) tbr,opt 1.58
+0.46
−0.37 × 103
Initial time after the GBM trigger (s) t0,opt 97
Isotropic energy (erg) Eiso (1.08± 0.06)× 1053
Duration of prompt emission (s) T90 0.3± 0.1
Redshift z 0.903± 0.001
References. (1) Ackermann & et al. (2010); (2) Rau et al. (2009); (3) McBreen et al.
(2010); (4) Ukwatta et al. (2009); De Pasquale & et al. (2010).
Fig. 1 displays regions in orange, purple and green colors.
The zones in orange colors show the set of parameters that
describes the long-lasting LAT component (in the energy
range of 0.1 - 4 GeV at 100 s), in purple colors present those
parameters that describe the X-ray emission for t < 1.43 ks
(at 1 keV and 100 s) and in green ones those parameters that
explain the optical component for t < 1.58 ks (at 1 eV and
100 s). The black lines over the area in orange color represent
the photon fluxes emitted at 1 GeV, 500 MeV, 200 MeV and
100 MeV. The zones intersected (orange, purple and green
colors) correspond to the set of parameters that describe
more than one component. Then, it is possible to find a
set of parameters (intersected zones) that explain the LAT,
X-ray and optical components for the range of density values
considered. For instance, in the panel with n = 10−1 cm−3
label, the long-lasting LAT, X-ray and optical components
are described by the microphysical parameters around e ∼
0.44 and B,f ∼ 10−5.3 for ultra-relativistic electrons giving
off at ∼ 1 GeV. As shown in fig. 1, these surfaces are shifted
to smaller values of e and higher values of B,f as density
decreases. As can be seen, the LAT component does not give
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a constrain on B , since the orange zone is very “flat”. This
is due to the LAT energy band is above the cooling energy,
and thus, the flux is almost independent on B (Kumar
2000). Similarly, due to the synchrotron emission with
Esynγ,f > E
syn
γ,c,f does not depend on the density, the orange
region does not change when the density varies (e.g. Kumar
2000).
Figure 2 exhibits regions in orange color. Each of these
regions show the set of microphysical parameters (B,r and
e) for the density in the range of 10−6 ≤ n ≤ 10−1 cm−3
that explain the bright LAT-peak component. The black
lines over the region in orange color represent the photon
emissions radiated at 1 GeV, 500 MeV, 200 MeV and 100
MeV. The value of e for each density obtained as a good fit
to the long-lasting LAT, X-ray and optical data (see fig. 1) is
highlighted in a dashed line. To constrain the pair of values of
e and n that describe the bright LAT-peak data, we plot the
break photon energy of SSC emission from RS as a function
of magnetic field equipartition, as shown Figure 3. This figure
displays that the break SSC energy lies in the energy range
of LAT instrument only for n=10−1 cm−3 and B,r & 0.01.
Comparing figs. 2 and 3 can be seen that for n = 10−1 cm−3,
e = 0.43 and 0.05 . B,r . 0.3, ultra-relativistic electrons
radiating photons at Esscγ,m,r ∼ 100 MeV would describes the
bright peak in the LAT data. For this case, the SSC radiation
from RS around the peak (Esscγ,r = E
ssc
γ,m,r ∼ 100 MeV),
would have a rise flux F sscν ∝ t
p−2
4 and temporal decay
F sscν ∝ t−
3
4 (eqs. 4 and 7).
With the value of density n = 10−1 cm−3, we found that the
bulk Lorentz factor is Γr ' 3000 > Γc and the RS evolves in
the thick-shell case with a critical Lorentz factor Γc = 1300.
When the bulk Lorentz factor drops below the inverse of
the jet opening angle θj ' 0.72◦ (Kumar & Barniol Duran
2010), we see a break in the LC (Sari et al. 1999), which
corresponds to a jet-break time of tjet ' 1.5× 103s.
In Table 2, we sum up the microphysical parameters, densities
and bulk Lorentz factors found after modeling the multi-
wavelength afterglow observed in GRB 090510, as shown in
Figure 4. This figure displays all contributions to the mul-
tiwavelength afterglow observations of GRB 090510. From
the value of magnetic microphysical parameter of RS, the
magnetization parameter is σ ' 0.3. This result agrees with
the observed bright peak in the LAT flux. If the GRB outflow
would have been highly magnetized (σ 1) when it crossed
the RS, particle acceleration may be very inefficient, as
pointed out by Sironi & Spitkovsky (2011) and the RS would
have been suppressed (Zhang & Kobayashi 2005). Therefore
a moderate magnetization (σ ≤ 1) is needed (as found in
this work) to obtain a bright peak from RS (Zhang et al.
2003; Kumar & Panaitescu 2003; Fan et al. 2004). Similarly,
comparing the microphysical parameter for the magnetic
field in both shocks, it is possible observe that magnetic field
in both shocks are different B′r = R−1/2B B′f ' 200B′f , thus
indicating that the ejecta carries a significant magnetic field.
Table 2. Values of microphysical parameters, densities and bulk Lorentz factors
found for GRB 090510.
FS RS
B,f 3× 10−6 B,r 0.28
e,f 0.4 e,r 0.4
n (cm−3) 10−1 n (cm−3) 10−1
Γf 520 Γr 3× 103
Based on the shock jump conditions (Zhang & Kobayashi
2005) with the values found of the magnetization parameter
σ ' 0.3 and the FS bulk Lorentz factor Γf = γ2 ' 520, then
the relative Lorentz factor of the reverse shocks upstream and
downstream and the initial Lorentz factor around the disconti-
nuity are γ34 ' 500 and γ4 ' 5× 105, respectively. The high
value obtained of γ4 is due to the fact that similar densities
n1 = n4 were considered (Zhang & Kobayashi 2005). If we
would have allowed for a different ratio of densities, then this
value would have been smaller. The value found for similar
densities could be explained in the context of the dynamical
evolution of a hybrid relativistic outflow with arbitrary mag-
netization (Gao & Zhang 2015). In addition, the value of a
magnetization parameter σ ∼ 0.3 at the deceleration radius
indicates that before deceleration the jet must also have dissi-
pated a significant amount of Poynting flux during the prompt
emission phase. A candidate process to make this happen
would be the so-called internal collision-induced magnetic re-
connection and turbulence model proposed by Zhang & Yan
(2011).
Using the values of parameters reported in Table 2, we have
derived the observable quantities, as shown in Table 3. The
values of the critical Lorentz factor computed in our model is
self-consistent with the fact that the bright LAT peak occurs at
the end of the prompt phase and the RS evolves in the thick-
shell case (Γr > Γc).
The synchrotron self-absorption energies from FS and RS are
in the weak self-absorption regime, then, as observed in LC
of GRB 090510, there is no thermal peak in the synchrotron
spectrum (Kobayashi et al. 2004; Gao et al. 2013).
Due to the early LAT component is present between 0.1 - 4
GeV and the break energy at the KN regime is 12.11 GeV,
the LC of RS SSC derived here (eq. 7) and used to describe
the bright LAT peak is not altered. Although we describe the
long-lasting LAT component in the energy range of 0.1 - 4
GeV with synchrotron radiation from FS, the 12 events with
energies > 1 GeV and the most energetic event with 30.5+5.8−2.6
GeV at 0.829 s, we can not discard that these photons can have
their origin in SSC emission from FS (e.g. Wang et al. 2013;
Beniamini et al. 2015). It is worth noting that bursts with sub-
TeV photons at dozens of seconds from the trigger might be
interpreted as SSC radiation from FS and be detected by TeV
γ-ray observatories as the High Altitude Water Cherenkov ob-
servatory (HAWC) (Abeysekara & et al. 2012, 2014).
Table 3. Observables derived for GRB 090510
FS RS
tdec (s) 0.3 Γc 1.3× 103
tjet (s) 1.5× 103 Br (G) 610.1
Bf (G) 2.9
Synchrotron
Esynγ,a,f (eV) 1.2× 10−6 Esynγ,a,r (eV) 4.3× 10−11
Esynγ,m,f (keV) 6.1 E
syn
γ,m,r (keV) 0.2
Esynγ,c,f (GeV) 0.9 E
syn
γ,c,r (eV) 10.4
Esynγ,max,f (GeV) 86.4
SSC
Esscγ,m,f (TeV) 96.3 E
ssc
γ,m,r (MeV) 101.5
Esscγ,c,f (TeV) 18.9 E
ssc
γ,c,r (eV) 5.6
EKNγ,f (TeV) 27.1 E
KN
γ,r (GeV) 12.1
4. CONCLUSIONS
5We have introduced an external shock model to explain
the multiwavelength afterglow observations present in GRB
090510. Taking into account that the LAT-peak flux occurs
at the end of the prompt emission, we have considered
that the ejecta propagating in the homogeneous medium is
decelerated early at ∼ 0.3 s and the RS evolves in the thick
shell regime.
Under the standard assumptions that the magnetic field and
electron microphysical parameters are constant, we have
modeled the long-lasting LAT, X-ray and optical components
up to the break time (tbr ∼ 1.5× 103 s) with the synchrotron
radiation LC from FS and after this break time, the LC
of spreading jet has been used to fit the X-ray and optical
fluxes. The bright LAT-peak component has been described
through LCs of SSC emission from RS (eqs. 4 and 7). We
have plotted the set of values of density and microphysical
parameters that describes these observations, as shown in
figs. 1, 2 and 3. Considering the number density in the range
10−6 ≤ n ≤ 10−1 cm−3 the microphysical parameters lie
in the range 10−5.5 ≤ B,f ≤ 0.7 and 10−1.5 ≤ e ≤ 0.48
for FS and in the RS, the microphysical parameters lie in
the range 10−4.0 ≤ B,r ≤ 0.9 and 10−1.6 ≤ e ≤ 0.45.
From RS, one can see that density values lower than
n ≤ 10−4 cm−3 require SSC energies higher than 1 GeV
(sscγ,r ≥ 1 GeV). In this case, it is not possible with plausible
parameter values to reach these SSC energies. Hence,
the standard RS cannot contribute to the LAT emission,
thus reproducing the results obtained by He et al. (2011).
Otherwise, requiring the temporal and spectral description
of the bright LAT-peak flux, we get the number density
n = 10−1 cm−3 and the values of parameters e = 0.44,
B,f = 10
−5.5 and B,r = 0.24. The observed X-ray and
UVOT flux decay indices after the tbk are αX,2 = 2.18±0.10
and αopt,2 = 1.13+0.11−0.13, respectively, which are softer than
the electron synchrotron radiation. These temporal decays
are more consistent with the evolution of the jet after it slows
down and spreads for X-ray rather than optical data. The bulk
Lorentz factor obtained at the tbr is ∼ 120 that corresponds
to a jet opening angle of 0.72◦.
It is worth noting that in the current model the differences
between the values of SSC and synchrotron spectral breaks at
FS and RS comes from the magnetic energy fractions given
at both shocks. Comparing the strength of magnetic fields at
FS (∼ 3 G) and RS (∼ 600 G), we can see that the magnetic
field in the RS region is stronger (∼ 200 times) than in the
FS region which indicates that the ejecta is magnetized. The
magnetization of the ejecta modifies the temporal character-
istics of the bright LAT-peak component; it becomes much
shorter than ≤ 0.3 s (Fan et al. 2004). Therefore, the short
and bright LAT-peak component at the end of the prompt
emission forecasts the mechanism of jet production to be
due to magnetic processes instead of neutrino annihilations,
thus giving evidence of the magnetic field amplification
in neutron star mergers in GRB 090510. In principle,
these two mechanisms (neutrino annihilation and magnetic
processes) could supply the outflow with different energies.
The outflows driven by neutrino annihilation can provide
1048 erg as shown in GRB 050509B (Lee et al. 2005a)
whereas the magnetic mechanism could supply 1051 erg or
more (Rosswog et al. 2003; Narayan et al. 1992) as in the
case for this burst. Additionally, based on compact object
binary population synthesis models, Perna & Belczynski
(2002) argued that such merger tends to happen in lower
density environments ∼ 0.1 cm−3 which is in accordance
with our results.
Some authors have suggested that the fireball wind which is
connected to the GRB central engine, a black hole (BH) -
torus system or a rapidly rotating magnetar may be endowed
with “primordial” magnetic fields(Usov 1992; Wheeler et al.
2000; Me´sza´ros & Rees 1997). The energy requirement
(isotropic-equivalent luminosities Lγ,iso ≥ 1052erg/s)
demands magnetic fields at the base in excess of B∼ 1015 G.
In the LAT era, GRB110731A (Ackermann & et al. 2013)
and GRB130427A (Ackermann et al. 2014) were detected
from optical to GeV energy range and showed to have in
the LAT LC temporally extended fluxes lasting hundreds of
seconds in coincidence with short-lasting bright peaks. Fraija
(2015) and Fraija et al. (2016) showed that both components
could be interpreted as synchrotron and SSC emissions from
the forward and reverse shocks, respectively, provided that
the central engines were entrained with a significant magnetic
field. Authors found that the strength of magnetic fields in the
reverse-shock region were stronger (∼ 50 and 66 times, re-
spectively) than in the forward-shock region. Comparing the
isotropic total energies and the values found of magnetic field
in the RS for GRB110731A, GRB130427A and GRB090510,
we can see that GRB090510 demands more magnetic fields
at the base of the jet. For instance, considering a typical
size of fireball for sGRBs (ri ∼ 106.5cm; Lee et al. (2004,
2005b); Nakar (2007)) and total isotropic energy 1053erg,
the magnetic field at the initial time is rough calculated as
B ≈ √8B,iEγ,iso/r3i ≈ √8B,i1032 G which is much
stronger than the typical magnetic field of the neutron star
∼ 1012 G. Here, B,i is the initial fraction of total energy
given to magnetic field. We have shown that the presence not
only of GRB 090510 but also in future detections of sGRBs
with the same features could offer evidence of the magnetic
field amplification during the merger of NS- NS.
The main difference between the current model and the model
proposed by He et al. (2011) is that the RS evolves in the
thick-shell case and the ejecta must be magnetized in order
to obtain a good description of the bright LAT-peak flux. We
emphasize that in the external shock model of early afterglow
with the suitable values of parameters obtained in this work,
the magnetized RS SSC emission can explain successfully
the early LAT data. Recently, Gao et al. (2015) performed
a morphological analysis of the early optical light curves in
some GRBs including GRB 090510 (Pelassa & Ohno 2010).
As successful descriptions of optical light curves, they found
values of microphysical parameters similar to those obtained
in this work, indicating that the jet was magnetized.
Using the MeV prompt emission (GBM) data and assuming
a constant radiative efficiency, Maxham et al. (2011) were
able to track the energy accumulation in the external shock
with an internal/external shell model code. Authors analyzed
some LAT bursts (including GRB 090510) and suggested
that the high-energy emission present in most of LAT burst
during the prompt phase is most likely a superposition of
a gradually enhancing external shock component and a
dominant emission component that is of an internal origin.
Similarly, Zhang et al. (2011) performed a comprehensive
analysis of Fermi GRB data to study the possible origins of
LAT/GBM GRBs. For this analysis, they derived LAT/GBM
LC for GRB090510 (see fig. 8 in Zhang et al. 2011). The
lowest panel shows that GeV emission peaks at an epoch
when the MeV emission has already decayed. Therefore,
at the GeV emission peak the external shock is likely not
undergoing energy injection and has entered the deceleration
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phase. Additionally, LAT/GBM LCs of some bursts derived
in Zhang et al. (2011) exhibit coincidences between peaks.
For instance, the GeV peak present in GRB 080916C coin-
cides with the second bright peak in the GBM LC, suggesting
that GeV emission is the spectral extension of MeV emission
to higher energies (Zhang et al. 2011). However, other
bursts such as GRB 090510 do not exhibit these remarkable
coincidences between peaks (see fig. 8, Zhang et al. 2011).
Finally, the author concluded that for the LAT/GBM bursts
analyzed (all except GRBs 090902B and 090510), the LAT
and GBM photons consistently belong the same spectral
component, suggesting a possible common origin.
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7FIG. 1.— Values of microphysical parameters (B,f and e) obtained through synchrotron emission from FS that describe the long-lasting LAT, X-ray and
optical emission before the break time at ∼ 1.5× 103 s.
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FIG. 2.— Values of microphysical parameters (B,r and e) obtained through SSC emission from RS that describe the bright LAT-peak flux. The value of e
for each density obtained as a good fit to the extended LAT, X-ray and optical fluxes of FS (see fig. 1) is highlighted in a dashed line.
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FIG. 3.— Break photon energy of SSC emission from reverse shock as a function of magnetic equipartition parameter. We consider the values of density and
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FIG. 4.— Fits of the multiwavelength (LAT, XRT and UVOT) observation of GRB 090510. We use the LC of RS in the thick-shell regime to describe the bright
LAT-peak flux (continuous line), the LC of FS to explain the temporally extended LAT, X-ray and optical emissions before the break time at tbr ∼ 1.5× 103 s
(dotted lines) and the LC after the jet break time (dashed lines).
APPENDIX
The quantities are given by
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where Asynsh = A
syn
fh .
